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In Section “Diversity Analysis” of this arti-
cle, there were some inaccuracies in the way
diversity terms were referred to. Hence, we
re-wrote the section, which should read as
follows.
DIVERSITY ANALYSIS
CLONES IN SAMPLES CAN BE REGARDED AS
SPECIES IN HABITATS
In the case of lymphocyte clonal repertoire
samples (e.g., those obtained from tissue
biopsies), we treat each sample as a sam-
ple from a habitat, in which the “species”
are the BCR or TCR clones found in the
sample. Each of the clones may be com-
posed of a number of different sequences.
In TCR clones, all sequences are identi-
cal, but in BCR clones sequences from the
same clone may be different due to somatic
hypermutation, and one may choose to
use only unique sequences found, or all
sequences including multiplicate ones. The
latter choice depends on whether identi-
cal sequences coming from different cells
can be identified as such, or cannot be
distinguished from sequence duplications
caused by PCR amplification. If the former
is true (as when using random barcoding
in the PCR primers), then the number of
sequences that come from different cells is
known and can be used to estimate diver-
sity. If not, then TCR diversity cannot be
estimated, and BCR diversity can only be
estimated based on the number of unique
sequences and thus would usually only give
a minimum estimate of the total diversity,
as we have done in this study.
DIVERSITY INDICES
In order to quantify the diversity of clonal
repertoires (such as antibody/BCR or TCR
gene repertoires) in each experimental
group, and later to be able to compare
between two or more groups, we used
diversity indices (such as the Species Rich-
ness, the Shannon entropy, or the Simp-
son concentration, which are indices of
order 0, 1, and 2, respectively) (1). These
indices take into account the number of
species and (in indices of order >0) the
frequency of members of a species (in
our case, sequences) of each species (in
our case, clone) in each habitat sample.
In indices of order 0, diversity is defined
simply as number of species (in our case,
lymphocyte clones) in a sample. In order
1 indices, clone size (or frequency) are
taken into account, as in the Shannon
entropy when diversity is the sum of
[–pi*ln(pi)], where i represents a species or
clone and pi represents its size (the num-
ber of members/sequences, see below).
Order 2 indices attribute more weight to
large clones, as in the Simpson concen-
tration, which is the sum of pi2. In our
studies, we used both order 1 and 2 diver-
sity indices, i.e., the Shannon entropy and
the Simpson concentration.
ESTIMATING THE FULL REPERTOIRE FROM
WHICH EACH SAMPLE WAS TAKEN
Considering the large numbers of
sequences observed only once in each
sample, it is likely that many rare clones in
an individual’s original full repertoire were
not detected. To account for the presence
of unobserved “species” (clones), all diver-
sity indices can be estimated for whole
repertoires (rather than calculated for the
sample) using the method described by
Chao and Shen (2), which is based on
a non-parametric estimation of diver-
sity indices where there are undetected
species. Chao and Shen’s approach uti-
lizes the concept of sample coverage to
adjust the diversity indices for clones
that escaped sampling. The sample cov-
erage is estimated from the proportion of
species/sequences that are observed only
once within a sample.
In our Ig gene repertoire studies,
the abundance data (numbers of unique
sequences) of antibody clones in each sam-
ple was used to estimate the mean, standard
error, and 95% confidence intervals (CI) of
the diversity index of choice (order 0, 1,
and 2 indices) of the full repertoire from
which each sample was taken (including
www.frontiersin.org January 2015 | Volume 5 | Article 666 | 1
Michaeli et al. Methods for calculating repertoire diversity
FIGURE 1 | Illustration of the calculation of repertoire diversity. First, the
diversity indices (Shannon entropy, Simpson concentration, etc.) are
calculated for each sample. Next, the distribution measures (α, β, γ) are
calculated for each condition using the individual samples. Finally, the
confidence intervals (CI) of the distribution measures are compared between
the populations/conditions. Xi represents the set of clone frequencies in
sample i, that is, the set (for all samples) of the numbers of unique sequences
in all clones in sample i out of the total number of unique sequences in the
whole sample. D stands for Diversity, D(pool) is the calculation of γ (gamma)
for a sample and D(Xi) is the calculation of α (alpha) for sample i. In our
calculations of order 1, we used only the Shannon entropy for D, and for order
2 we used only the Simpson concentration for D.
unobserved clones). This was done using
SPADE©, a program designed for diversity
calculations (2).
DIVERSITY MEASURES
From the estimated diversity indices for
each sample or pool of samples, we have
calculated the average alpha, beta, and
gamma diversity measures for each group
of samples (1). The average alpha diversity
measure represents the average sample –
or in our case, whole repertoire – diversity
in each group of samples. In order to cal-
culate the average alpha, we calculate the
alpha diversity of each estimated repertoire
using SPADE©(that is,−∑si=1 (pi × lnpi)







Simpson concentration), and then aver-
age over all samples from the same group
of samples. The gamma diversity measure
represents the “global” repertoire diver-
sity across all samples studied in each
group of samples. It is calculated as the
diversity of the pool containing all the
repertoires estimated from all the sam-
ples in the same group of samples, also
by SPADE©, using the same indices as for
alpha.
Finally, the beta diversity measure,
which represents the diversity component
resulting from the variability between indi-
vidual repertoires or samples, should in
principle be calculated as the gamma of
the group of samples divided by the aver-
age alpha of all samples in the group
of samples. In order to compare between
groups of samples, however, we needed to
calculate CI for beta. This was done by
calculating a beta measure per sample (the
gamma of the group of samples divided
by alpha of the sample) and then calcu-
lating the average, standard error, and CI
of beta for each group of samples. Thus,
comparisons can be made between the
diversity measures calculated for different
groups. One should keep in mind, how-
ever, that the comparisons of average alpha
are based on averages of the estimates of
alpha for all samples in a group, while
the comparisons of gamma are based on
the CI for the estimated diversity for each
group. Since in all cases the 95% CI are
given, if these intervals (e.g., of gamma)
for two groups do not overlap, then the
measures in question (e.g., gamma) of
the two groups are significantly differ-
ent with p< 0.05 under Student’s t -test
(Figure 1).
In order to allow an intuitive compari-
son between the diversities of each of the
groups, all the diversity measures can be
expressed as their number equivalents (1),
which reflect the number of equally sized
clones needed to produce the given value
of the diversity index.
SIMILARITY ANALYSIS
In order to understand the sources for
the differences in diversity between groups
of samples, we used similarity analysis
based on the Morisita similarity index (3).
SPADE©(2) was used to calculate a similar-
ity matrix, in which we measured each esti-
mated individual repertoire’s similarity to
all other estimated individual repertoires.
A value close to 1 represents high similarity
between two groups, and a value close to
0 represents low similarity. The average of
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similarity indices of individuals in a given
group to those in another group represents
the similarity index for the comparison
between the two groups.
REFERENCES
1. Jost L. Partitioning diversity into independent
alpha and beta components. Ecology (2007)
88(10):2427–39. doi:10.1890/06-1736.1
2. Chao TJ, Shen A. Program SPADE (species predic-
tion and diversity estimation). Program and User’s
Guide (2003). Available from: http://chao.stat.nthu.
edu.tw
3. Chao A, Jost L, Chiang SC, Jiang Y-H, Chaz-
don RL. A two-stage probabilistic approach to
multiple-community similarity indices. Biometrics
(2008) 64:1178–86. doi:10.1111/j.1541-0420.2008.
01010.x
Conflict of Interest Statement: The authors declare
that the research was conducted in the absence of any
commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 29 October 2014; accepted: 10 December 2014;
published online: 05 January 2015.
Citation: Michaeli M, Tabibian-Keissar H, Schiby G,
Shahaf G, Pickman Y, Hazanov L, Rosenblatt K,
Dunn-Walters DK, Barshack I and Mehr R (2015)
Addendum: Immunoglobulin gene repertoire diversifi-
cation and selection in the stomach – from gastritis
to gastric lymphomas. Front. Immunol. 5:666. doi:
10.3389/fimmu.2014.00666
This article was submitted to B Cell Biology, a section of
the journal Frontiers in Immunology.
Copyright © 2015 Michaeli, Tabibian-Keissar , Schiby,
Shahaf, Pickman, Hazanov, Rosenblatt , Dunn-Walters,
Barshack and Mehr. This is an open-access article
distributed under the terms of the Creative Com-
mons Attribution License (CC BY). The use, distri-
bution or reproduction in other forums is permit-
ted, provided the original author(s) or licensor are
credited and that the original publication in this
journal is cited, in accordance with accepted aca-
demic practice. No use, distribution or reproduc-
tion is permitted which does not comply with these
terms.
www.frontiersin.org January 2015 | Volume 5 | Article 666 | 3
